abstract The Bacillus halodurans voltage-gated sodium-selective channel (NaChBac) (Ren, D., B. Navarro, H. Xu, L. Yue, Q. Shi, and D.E. Clapham. 2001b . Science . 294:2372-2375, is an ideal candidate for high resolution structural studies because it can be expressed in mammalian cells and its functional properties studied in detail. It has the added advantage of being a single six transmembrane (6TM) orthologue of a single repeat of mammalian voltage-gated Ca 2 ϩ (Ca V ) and Na ϩ (Na V ) channels. Here we report that six amino acids in the pore domain (LES-WAS) participate in the selectivity filter. Replacing the amino acid residues adjacent to glutamatic acid (E) by a negatively charged aspartate (D; LEDWAS) converted the Na ϩ -selective NaChBac to a Ca 2 ϩ -and Na ϩ -permeant channel. When additional aspartates were incorporated (LDDWAD), the mutant channel resulted in a highly expressing voltage-gated Ca 2 ϩ -selective conductance.
ments and determines the selectivity of cation permeation. Unlike K ϩ channels in which main chain carbonyls create the selectivity filter (Doyle et al., 1998) , Ca v and Na v channel amino acid side chains are postulated to form their selectivity filters (Heinemann et al., 1992; Ellinor et al., 1995; Favre et al., 1996; Armstrong and Hille, 1998; Penzotti et al., 1998; Wu et al., 2000) . Soon after the functional expression of the first Na V channel in 1986 (Noda et al., 1986) , several groups attempted to express single repeats of the Na V channel in hopes that they might form functional homomers of the 6TM domain. These attempts did not yield functional channels (although recently, ionophore activity has been reported from a ligated S5-P-S6 segment of a rat skeletal Na V [Chen et al., 2002] ).
Nonetheless, the identification of the important residues in the selectivity filter in Na V was soon established. Substitution of lysine (K) and alanine (A) within the DEKA [aspartate (D), glutamate (E), lysine (K) and alanine (A)] locus decreased Na ϩ selectivity and allowed channels to permeate Ca 2 ϩ (Heinemann et al., 1992) . Replacement of lysine (K; D3) or alanine (A; D4) by glutamate (E; D3, D4) (Heinemann et al., 1992) , or lysine (K; D3) by alanine (A; D3) (Sun et al., 1997) altered the ion selectivity of Na V to more closely resemble that of Ca V channels. Biophysical studies on Ca V channels had suggested that the channel contained one or two Ca 2 ϩ binding sites (Hess and Tsien, 1984; Hess et al., 1986; Ellinor et al., 1995; McCleskey, 1999) . The Ca V channel selectivity filter was proposed to contain one glutamate (E) residue from each of the four domains drawn into a circle around the pore EEEE motif (Heinemann et al., 1992; Yang et al., 1993; Ellinor et al., 1995) . In comparison, the similarly placed residues in the four domains (DEKA motif) 846 The NaChBac Calcium Filter form a dynamic (Benitah et al., 1999) , asymmetric (Benitah et al., 1997) , and flexible (Perez-Garcia et al., 1997) ion selectivity filter in Na V channels. Favre et al. (1996) provided evidence that the Lys (K) residue in D3 was the critical determinant that specified both the impermeability of Ca 2 ϩ and the selective permeability of Na ϩ over K ϩ . Furthermore, substitution for lysine or an exchange of the positions of the lysine and glutamate residues (DEKA to DKEA) decreased Na ϩ selectivity (Chen et al., 1997; Perez-Garcia et al., 1997) . Cysteine accessibility experiments revealed that the D2 pore loop is most superficial, D1 and D3 intermediate, and D4 most internal (Chiamvimonvat et al., 1996) .
In parallel with the studies of Na V , similar mutagenesis studies focused on the Ca V selectivity filter. Asp (D) and Ala (A) substitutions in the EEEE locus reduce ion selectivity by weakening ion binding affinity. Mutations within the set of glutamates (e.g., Ca V 1.2 EEEE changed to EEKA) effectively increased Na ϩ permeability by 15-fold (Tang et al., 1993) . Substitution of the EEEE motif by AAAA, QQQQ, or DDDD motifs eliminated Ca 2 ϩ or Ba 2 ϩ currents (Ellinor et al., 1995; Cibulsky and Sather, 2000) . In a mixture of ions, weakly binding ions are impermeant, strongly binding ions are permeant, and very strongly binding ions act as pore blockers (Cloues et al., 2000) . Thus, competition among ion species is an intrinsic feature of the Ca V selectivity filter.
To understand more about the Na ϩ and Ca 2 ϩ selectivity filters, we compared the relative permeabilities of expressed wild-type (wt) NaChBac with a series of mutants in which the pore residues had been altered. The short length of NaChBac (274 amino acids) and presumed homotetrameric assembly greatly simplifies the potential structure-function relationships.
Here we find that replacing the amino acid residues adjacent to glutamatic acid (E) by negatively charged aspartate (D) converted the Na ϩ -selective NaChBac to a Ca 2 ϩ -selective channel. We were also able to mutate pore residues within NaChBac that converted it into a nonselective ion channel.
M A T E R I A L S A N D M E T H O D S

Expression of wt and Mutant NaChBac
NaChBac was cloned from Bacillus halodurans C-125 DNA by PCR (BAB05220) (Ren et al., 2001b) . The NaChBac construct containing an open reading frame of 274 amino acid residues was subcloned into a pTracer-CMV2 vector (Invitrogen) containing enhanced green fluorescent protein (eGFP). The skeletal muscle Na ϩ channel SKM1 (M26643) was used in comparison to NaChBac under identical recording conditions and determinations of permeability ratios. Mutations were introduced into the NaChBac cDNA by site-directed mutagenesis (Quickchange TM sitedirected mutagenesis kit; Stratagene). All mutations were confirmed by DNA sequencing and restriction digestion. wt NaChBac and mutant cDNAs were transfected into CHO-K1 cells or COS-7 cells with LipofectAMINE 2000 (Life Technologies).
Transfected cells were identified by fluorescence microscopy and membrane currents were recorded 24-48 h after transfection.
Electrophysiology and Data Analysis
Unless otherwise stated, the pipette solution contained (in mM): 147 Cs, 120 methanesulfonate, 8 NaCl, 10 EGTA, 2 Mg 2 ϩ -adenosine triphosphate, and 20 HEPES, pH 7.4. Bath solution contained (in mM): 140 NaCl, 10 CaCl 2 , 5 KCl, 10 HEPES, pH 7.4, and 10 glucose. For some experiments, NaCl was isotonically replaced by CaCl 2 .
For reversal potential measurements to determine the relative permeabilities of Na ϩ and Ca 2 ϩ , the internal pipette solution contained (in mM): 100 mM Na-Gluconate, 10 NaCl, 10 EGTA, 20 HEPES-Na (pH 7.4 adjusted with NaOH, [Na ϩ ] total ϭ 140). where R, T, F, and E rev are the gas constant, absolute temperature, Faraday constant, and reversal potential, respectively, and x represents Cs ϩ or Na ϩ (i, internal; e, external) (Hille, 2001) . For calculations of membrane permeability, activity coefficients for Ca 2 ϩ , Cs ϩ and Na ϩ were estimated as follows:
where activity, a s , is the effective concentration of an ion in solution, s related to the nominal concentration [X s ] by the activity coefficient, ␥ s . ␥ s was calculated from the Debye-Hückel equation:
where is the ionic strength of the solution, z s is the charge on the ion, and ␣ s is the effective diameter of the hydrated ion in nanometers (nm). The calculated activity coefficients were ␥ (Cs)i ϭ 0.70, ␥ (Ca)e ϭ 0.331, ␥ (Na)i ϭ 0.75 and ␥ (Na)e ϭ 0.73. The liquid junction potentials were measured using a salt bridge as described by Neher (Neher, 1992) and these measurements agreed within 3 mV to those calculated by the JPCalc program (P. Barry) within Clampex (Axon Instruments, Inc.).
The voltage dependence of NaChBac and mutants channel activation was determined from a holding potential of Ϫ 100 mV. Instantaneous tail current were measured at Ϫ 100 mV after a test potential of 40 ms duration. Normalized tail current amplitude (I/I max ) was plotted versus test potentials and fitted with a Boltzmann function. Measurements of steady-state inactivation for NaChBac and mutants channel were resolved using 2-s prepulses and 1-s test pulse to Ϫ 10, 0, or 10 mV depending on the mutant's peak voltage. Cells were held at Ϫ 100 mV for 20 s between pulses to allow the recovery from inactivation. Normalized test current amplitude (I/I max ) was plotted versus prepulse potential and fitted with a Boltzmann function. The activation and steady-state inactivation curve were fitted by the Boltzmann equation:
where I max and I min are the maximum and minimum current values, V is the test voltage, V 1/2 is the voltage activation midpoint, and k is the slope factor.
Whole-cell currents were recorded using an Axopatch 200B (Axon Instruments, Inc.) amplifier. Data were digitized at 10 or 20 kHz, and digitally filtered off-line at 1 kHz. Patch electrodes were pulled from borosilicate glass and had resistances of 2-5 M⍀. All experiments were conducted at 22ЊC Ϯ 2ЊC. For CHO cells, cell capacitance was 7.6 Ϯ 0.3 pF and for COS-7 cells was 13.9 Ϯ 0.6 pF. Mutant NaChBac current amplitudes ranged from ‫008-001ف‬ pA. For wt NaChBac, current amplitudes ranged from 800 pA to 2 nA. Series resistance (R s ) was compensated up to 90% to reduce all series resistance errors to Ͻ5 mV. Cells in which R s was Ͼ10 m⍀ were discarded. Pooled data are presented as means Ϯ SEM. Statistical comparisons were made using two-way analysis of variance (ANOVA) and two-tailed t test with Bonferroni correction; P Ͻ 0.05 indicated statistical significance.
R E S U L T S
The mutations of the NaChBac pore region described in this study are summarized in Fig. 1 . The six relevant pore amino acids in NaChBac are LESWAS (residues 190-195) , and mutants are specified with respect to this nomenclature.
Expression Levels of wt and Mutant NaChBac
The wt NaChBac currents and I-V curve were similar to those reported previously in CHO-K1 cells (Ren et al., 2001b) , but four to six times larger in COS-7 cells (Fig. 2 A) . Current densities of the LESWAD, LEDWAS, LDDWAD, and especially LEDWAD mutants were smaller than that of wt NaChBac (24-48 h after transfection). More than 98% of wt NaChBac-GFP-expressing cells had substantial currents, whereas only 30-50% LESWAD-, LEDWAS-, LED-WAD-or LDDWAD-GFP-transfected cells produced detectable currents. The LEGWAS mutant current was essentially the same as wt NaChBac. GESWAS, GEAWAS, LKSWAS, and LASWAS mutant currents were not measurable.
Kinetics of the NaChBac Mutant Channels
The averaged current density-voltage relations (I-V relations) are shown in Fig. 2 B . LEDWAS, LEDWAD, and LDDWAD mutant currents peaked at 0 mV, whereas the LESWAD mutant peaked at 10 mV. summarizes the activation, inactivation, and slope factor for the most interesting NaChBac mutants. The 50% steady-state inactivation (V 1/2 -inact) of LESWAD, LED-WAS, and LDDWAD were similar to those of wt NaChBac, whereas the midpoints of their activation curves were shifted 19, 22, and 26 mV, respectively, in the positive direction. The difference in the midpoint voltage (V 1/2 ) and slope factor (k) activation of wt NaChBac and the mutants suggests that introduction of aspartate into the pore region altered the gating function of the channel. The activation and inactivation kinetics of these mutants are similar to that of wt NaChBac with the exception of the LESWAD mutant, which inactivated 2.7 times more rapidly than wt NaChBac (P Ͻ 0.05).
Selectivity of the NaChBac Mutant Channels
Reversal potentials of the NaChBac mutants were measured under quasi-biionic conditions as described in materials and methods. Fig. 3 A shows representative currents of wt NaChBac, LEGWAS, LEDWAS, LESWAD, LEDWAD, and LDDWAD mutants recorded in 10 mM Ca 2ϩ (modified Tyrode's) solution and isotonic (105 mM) Ca 2ϩ solution. NaChBac (wt) and LEGWAS currents were practically undetectable after replacement of the 140 mM Na ϩ /10 mM Ca 2ϩ -containing solution by the 0 mM Na ϩ /105 mM Ca 2ϩ solution, indicating the low Ca 2ϩ permeability of these channels. Current amplitudes of the LEDWAD and LDDWAD mutants were significantly increased when the external solution Figure 2 . Voltage dependence of wt NaChBac and NaChBac mutants. (A) Representative currents recorded in 10 mM Ca 2ϩ /140 Na ϩ modified Tyrode's solution (left) from NaChBac and mutant NaChBac with residues 190-195 as indicated. Voltage was stepped from V H ϭ Ϫ100 to 100 mV in 10-mV increments at 15-s intervals. (B) Averaged I-V curves derived from currents recorded as in (A) of NaChBac and mutant NaChBac (n ϭ 8-12 cells each). (C) Activation (top; V H ϭ Ϫ100 mV) and steady-state inactivation (bottom; V H ϭ Ϫ100 mV, pulse test to peak for 2 s) curves of NaChBac and mutant NaChBac (n ϭ 7-12 cells each).
was changed to isotonic Ca 2ϩ solution while the amplitude of LEDWAS mutant currents was not significantly increased. The LESWAD mutant current was dramatically decreased in isotonic [Ca 2ϩ ] o . The average peak current amplitude measured at 0 mV obtained in 10 mM Ca 2ϩ Tyrode's solution or in 105 mM Ca 2ϩ solution is shown in Fig. 3 B and normalized to the current amplitude measured in 10 mM Ca 2ϩ solution (Fig. 3 C) .
Relative permeability (P Ca /P Na ) was calculated as described in materials and methods and Table I . Since P Ca /P Na had not been described for native Na v channels under these specific conditions, we also measured the relative permeability for SKM1, a skeletal muscle Na ϩ -selective channel. SKM1 (Kraner et al., 1998) was expressed in COS7 and CHO cells and examined under identical conditions as NaChBac and similar to its mutants (Table I) . For NaChBac, substitution of serine (192) by glycine (LEGWAS) did not change NaChBac's relative permeability (LESWAS: P Ca /P Na ϭ 0.15). Replacement of the serine at position 195 by aspartate Figure 3. Relative current amplitudes, current densities, and permeabilities of wt NaChBac and mutant NaChBac. (A) Original traces elicited by depolarizing from Ϫ100 to 0 mV in 10 mM Ca 2ϩ /140 Na ϩ solution (black) and in isotonic Ca 2ϩ (105 mM) solution (red). (B) Averaged peak current densities of wt NaChBac and mutant NaChBac (n ϭ 8). (C) Current amplitudes were normalized to the current amplitude in 10 mM Ca 2ϩ /140 Na ϩ solution (n ϭ 8). (D) Relative permeabilities (P Ca /P Na ) of wt NaChBac and mutant NaChBac.
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The NaChBac Calcium Filter (S195D; LESWAD) converted the normally Na ϩ -selective wt NaChBac (P Ca /P Na ϭ 0.15) into a relatively nonselective cation channel (P Ca /P Na ϭ 17).
As uncharged amino acids were replaced by an increasing number of negatively charged aspartates, Ca 2ϩ selectivity dramatically increased. Replacing the serine at position 192 by aspartate (S192D; LEDWAS) increased wt NaChBac's Ca 2ϩ selectivity over Na ϩ by 233-fold (P Ca /P Na ϭ 35). Although the current amplitude was reduced, substitution of serines 192 and 195 by aspartate (LEDWAD) increased Ca 2ϩ selectivity by 486-fold (P Ca /P Na ϭ 73). Further substitution by the negatively charged aspartate into position 195 (LDDWAD; denoted CaChBac m ) yielded the highest Ca 2ϩ permeability (P Ca /P Na ϭ 133), with a much larger current amplitude (500 to 1,000 pA) in 10 mM Ca 2ϩ solution. As shown in Fig. 4 A, the current amplitude of CaChBac m in 10 mM Ca 2ϩ solution was virtually identical to that obtained in 10 mM Ca 2ϩ /NMDG solution, suggesting that CaChBac m 's conductance was not permeant to, nor affected by, [Na ϩ ] o . In comparison, the wt LESWAS current was almost undetectable in 10 mM Ca 2ϩ / NMDG solution (Fig. 4 B) , consistent with it being a relatively selective Na ϩ channel.
The Anomalous Mole Fraction Effect
Ca 2ϩ -selective channels exhibit a concentration-dependent permeability ratio, called the anomalous mole fraction effect. This effect is thought to be a conse- quence of the Ca 2ϩ channel's capacity to hold two or more divalent ions in the pore at the same time, and is usually interpreted to mean that ions interact within the pore. CaChBac m 's (LDDWAD) conductance increased with increasing external [Ca 2ϩ ] o and its conductance to Na ϩ increased when [Ca 2ϩ ] o was decreased to 10 M (Fig. 5 A) . Presumably at low [Ca 2ϩ ] o , the pore binding site for Ca 2ϩ is no longer occupied and Na ϩ is less impeded in its transit through the pore. The normalized current amplitude plotted as a function of [Ca 2ϩ ] o (Fig. 5 B) is typical of anomalous mole fraction behavior.
CaChBac m Is a Calcium-selective Channel
CaChBac m 's (LDDWAD) channel conductance increased and the reversal potentials shifted to more positive potentials as [Ca 2ϩ ] o was increased from 1 to 10 to 105 mM (Fig. 5 C) . A plot of reversal potentials against log[Ca 2ϩ ] o was best fit by a linear regression slope of 25.6 Ϯ 3.2 mV/decade (mean Ϯ SEM, n ϭ 8) close to that predicted by the Nernst equation for a Ca 2ϩ -selective electrode (29 mV/decade). CaChBac m (LDDWAD) is thus a Ca 2ϩ -selective channel.
Interestingly, the LESWAD mutant that displayed a decreased permeability to Na ϩ compared with wt NaChBac, was blocked by [Ca 2ϩ ] o . We have used the simple 274 amino acid bacterial voltage-gated Na ϩ -selective channel to explore the mechanism of Na ϩ -and Ca 2ϩ -selective permeation. This opportunity is fairly unique since no other voltage-gated ion-selective bacterial channel has been functionally expressed in mammalian systems and there are no known mammalian voltage-gated Ca 2ϩ -or Na ϩ -selective channels with the single repeat structure. Together with the wt NaChBac, the mutants described here suggest that voltage-gated Na ϩ -selective, Ca 2ϩ -selective, and Na ϩ /Ca 2ϩ -permeable cation channels can all be formed with the polypeptides of single repeat of the 6TM. The single-repeat 6TM structure is shared by voltage-gated potassium channels, TRP channels, and cyclic-nucleotide-gated channels. Voltage-gated Na ϩ or Ca 2ϩ channels with this single-repeat structure have not been discovered in cells other than bacteria, but the recently reported mammalian sperm ion channels (Quill et al., 2001; Ren et al., 2001a ) may be candidates for the functional homologues of the bacterial channel.
Our experiments show that mutation of amino acid residues in the pore domain can be mutated to make the channel cation nonselective, or even highly Ca 2ϩ selective. The most interesting residues of the pore region were between amino acids 190-195 of NaChBac (LESWAS). We found a correlation between increasing numbers of negatively charged aspartic acid substitutions within the domain and increasing Ca 2ϩ selectivity. The mutants denoted LESWAD, LEDWAS, LEDWAD, and LDDWAD displayed increasing selectivity for Ca 2ϩ , with LESWAD having the lowest and LDDWAD the highest Ca 2ϩ selectivity.
In a model based on alignment with the bacterial K ϩ -selective channel, KcsA, Na V channel Na ϩ permeation is theoretically blocked by an interaction between the D3 lysine (K;D3) amino group and the D2 glutamate (E;D2) carboxyl group (Lipkind and Fozzard, 2000) . In this model the D3-K side chain must change its conformation for each Na ϩ ion that permeates, and selectivity is not determined by the size of the pore but by the ability of the permeating ion to compete with the amino group of K-D3. In contrast, Favre et al. (Favre et al., 1996) proposed a mechanism analogous to the selectivity filter of the Ca 2ϩ channel. They suggested that Na ϩ binds to the filter, with the K-D3 amino group stabilizing the metal binding cavity, and as an endogenous cation altering the affinity of Na ϩ binding within the pore. In both cases, the D3-positive charge is a dominant component of the electrostatic field within the se- lectivity filter and the side chain determines the selectivity. Interestingly, there is no positively charged residue (K,R,H) in an analagous position in the NaChBac selectivity filter. The only positive charge (R199) in NaChBac pore loop is distal to the presumed selectivity filter, and neutralization (R199A) or replacement with a negatively charged amino acid (R199D) yields a channel that either is nonfunctional or too poorly conducting to yield measurable current (unpublished data).
Can the carbonyl oxygens (not the side chains), form a Na selectivity filter? Schild and colleagues propose that ENaC's (P Na /P K Ͼ100) subunit main-chain carbonyl oxygens line the channel pore with their side chain pointing away from the pore lumen. ENaC is more permeable to Li ϩ than Na ϩ ions and mutations of the residue in the pre-M2 segment made the channel permeant to K ϩ ions. Substitution of the critical residue (S589) with amino acids of increasing sizes shifted the molecular cutoff of the channel pore for inorganic and organic cations. Mutants with an increased permeability to large cations showed a decrease in the ENaC unitary conductance of small cations such as Na ϩ and Li ϩ . They proposed that substitution of the ENaC S589 subunit by larger residues increases the pore diameter by adding extra volume at the subunit-subunit interface (Kellenberger et al., 2001) . Such a hypothesis can be tested for NaChBac by further mutagenesis or obtainment of the high resolution structure.
In computational studies of K ϩ permeation, dynamical fluctuations of the carbonyl oxygen atoms that form the selectivity filter (Berneche and Roux, 2001) produce movements that are much larger than the difference in the radius of Na ϩ and K ϩ ions. Thus, for the K ϩ channel in which much more concrete data is available, selectivity does not arise from simple geometric considerations based on a rigid pore. Moreover, computational experiments indicate that the fluctuations of the protein structure have a large effect on the free energy profiles and on the selectivity of the channel (important properties of the pore are coupled to the fluctuations of a hydrogen bond between two residues nearly 12Å away). Understanding the mechanism of monovalent selectivity (e.g., Na ϩ vs. K ϩ ) is likely to be subtle and require both structural and functional data.
The permeation pathway of the Na V channel is formed by asymmetric loops from each domain, and asymmetry is commonly assumed to be an important aspect of Na ϩ selectivity. Since each subunit of NaChBac is presumably identical, is asymmetry a key attribute? It is likely that the linked four-domain structure for Na V and Ca V channels conferred an evolutionary advantage, either in the kinetics of channel activation, inactivation, or recovery from inactivation. Given the high P Na /P K of NaChBac it seems less likely the four-domain structure evolved to provide increased monovalent selectivity. NaChBac is truly highly Na ϩ selective (P Na /P K ‫,071ف‬ P Na /P Cs ‫.)083ف‬ In the present studies, we constructed a Ca 2ϩ -selective channel, but we did not switch the Na ϩ -selective channel into a K ϩ -selective channel. It is possible that the LDDWAD mutant merely created the right conditions for Ca 2ϩ binding in the pore, but that the true monovalent selectivity filter may involve slightly shifted residues. Interestingly, two bacterial strains have homologues to our Ca-selective mutants (FEDWTD in Colwellia sp.34H and Microbulbifer degradans) and it will be important to determine if these are indeed native Ca 2ϩ -selective channels.
Although the steady-state inactivation (V 1/2 -inact) of LESWAD, LEDWAS, and LDDWAD were similar to those of wt NaChBac, their activation curves were shifted significantly to more depolarized potentials. The slope factor, k, of the Boltzmann fits for these mutants also indicated that the energy for activation was decreased; less charge has to be moved across the membrane to gate the channel. Thus, mutations in this restricted region of the pore not only affect selectivity, but also alter gating. We do not yet understand the activation and inactivation of NaChBac, but the short length of the intracellular domains and our early mutagenic studies indicate that NaChBac inactivation does not rely on the N and C termini. Also noteworthy is the especially short linker between the S3 and S4 domains, which may constrain the movement of the activation gate (Gonzalez et al., 2001) . We postulate that the fourdomain structure somehow enables the increased speed of activation and recovery from inactivation needed for fast, repetitive signaling. Hopefully, this hypothesis can be tested in future studies of NaChBac gating.
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